The invasion success of introduced plants is frequently explained as a result of competitive interactions with native flora. Although previous theory and experiments have shown that plants are largely equivalent in their competitive effects on each other, competitive nonequivalence is hypothesized to occur in interactions between native and invasive species. Small overlap in resource use with unrelated native species, improved competitiveness, and production of novel allelochemicals are all believed to contribute to the invasiveness of introduced species. I tested all three assumptions in a common-garden experiment by examining the effect of plant origin and relatedness on competition intensity. Competitive interactions were explored within 12 triplets, each consisting of an invasive species, a native congeneric (or confamilial) species, and a native heterogeneric species that are likely to interact in the field. Plants were grown in pots alone or in pairs and in the absence or the presence of activated carbon to control for allelopathy. I found that competition intensity was not influenced by the relatedness or origin of competing neighbors. Although some exotic species may benefit from size advantages and species-specific effects in competitive interactions, none of the three mechanisms investigated is likely to be a principal driver of their invasiveness.
Introduction
Competition for resources is a key process that shapes plant communities. In order to maintain biodiversity, predict responses of ecosystems to environmental changes, or simply interpret observed vegetation patterns, we need a comprehensive and mechanistic understanding of this process (Berger et al. 2008) . Ecologists also pay attention to competition in the search for the determinants of the in-* Present address: Institute of Plant Sciences, University of Bern, Altenbergrain 21, CH-3013 Bern, Switzerland; e-mail: dostal@ibot.cas.cz.
Am. Nat. 2011. Vol. 177, pp. 655-667 . ᭧ 2011 by The University of Chicago. 0003-0147/2011/17705-52497$15.00. All rights reserved. DOI: 10.1086/659060 vasiveness of exotic species. As Vilà and Weiner (2004) argue, resource competition is probably the first interaction an introduced species has with plants of recipient communities. It has therefore been suggested that invasion success can be due to strong competitive effects on native species (Levine et al. 2003) ; some studies have indeed found support for the assumption that invasive plants tend to be more competitive than native species (Vilà and Weiner 2004) .
However, some plant competition research in the 1970s and the 1980s indicated that plants are largely equivalent in their competitive effects on one another (Hubbell 1979 (Hubbell , 2005 Goldberg and Werner 1983; Shmida and Ellner 1984) . Goldberg and Werner (1983) assumed that the identities of competing plants are largely interchangeable because of the homogeneity of resource requirements among autotrophs and the low probabilities of encounter between individuals of any particular species pair. They also assumed that competitive effects are size specific rather than species specific, given the predominance of size asymmetries between competing individuals. Goldberg and Fleetwood (1987) and Gaudet and Keddy (1988) supported this assumption by showing that the biomass of competing neighbors alone could explain 79% and 63%, respectively, of the variation in target biomass.
Invasion ecology recognizes at least three different mechanisms of competitive nonequivalence that have been proposed to explain the extreme success of some invasive species (and the failure of other exotic species) in new ranges. The first hypothesis predicts that invasiveness is due to complementarity in resource use between exotic species and invasive species. The less related the exotic species are to the native plants, the weaker the competition should be for the same resources between the two plant groups. This prediction is the basis of Darwin's naturalization hypothesis (Darwin 1859; Procheş et al. 2008) , which states that novel genera with native representatives should be less successful than genera that are absent from the native flora. Although Cahill et al. (2008) failed to demonstrate a link between phylogenetic relatedness and the strength of competition, other studies have indicated such a link. Specifically, experimental studies that manipulated the number of terrestrial angiosperm species in plots have shown that increasing diversity (expressed by number of species or functional groups or by phylogenetic diversity) enhances productivity (Spehn et al. 2000; Tilman et al. 2001; Hooper et al. 2005; Cadotte et al. 2008) , probably because of reduced overlap in resource use.
The second mechanism explains invasiveness through the emergence of competitive superiority of nonnative species in new ranges. Competitive superiority can be a result of changes in resource allocation strategy: release from natural enemies in a new range (Elton 1958 ) is followed by reallocation of resources from defense to growth and reproduction (Blossey and Nötzold 1995) . Alternatively, exotic species may become better competitors through the rise of novel genotypes in the new range. Genotypes that originate from different and isolated regions of native range may cross in the new range after multiple and uncontrolled introductions. These novel genotypes may then have superior performance (Ellstrand and Schierenbeck 2000; Lavergne and Molofsky 2007) . It may be also true that competitive superiority is a result of preadaptations of invasive exotic species that are unaccompanied by any ecological or evolutionary changes in a new range. For example, van demonstrated in their meta-analysis that invasive exotic species had significantly higher values than noninvasive exotic species for traits such as leaf area allocation, shoot allocation, growth rate, and size.
Finally, the third mechanism that explains invasiveness by competitive nonequivalence is a low tolerance by native species to the allelopathic effects of exotic species. Invasive species share a much longer evolutionary history with plant species in their original ranges than with plants in their new ranges. Therefore, native species in an invaded range may be less adapted to the allelochemicals produced by invasive species and therefore disproportionately more suppressed than plants from the original range (the novelweapons hypothesis; Callaway and Ridenour 2004) .
All three mechanisms have become popular in the field of invasion ecology, but rigorous experimental testing is required to prove their validity. Surprisingly, only few studies have done this, or such tests may be completely absent. To date, all studies that have tested Darwin's naturalization hypothesis have been based on correlations between some measure of invasion success (e.g., the size of the invaded area) and the phylogenetic distance of the invasive species to the native flora (e.g., expressed by the number of native congeners ; Rejmánek 1996; Daehler 2001; Duncan and Williams 2002; Diez et al. 2008) . However, none of these studies has directly tested the strength of competition between native species and invasive species on the basis of their relatedness (discussed in Mitchell et al. 2006; Cavender-Bares et al. 2009 ). Studies that have explored the differences in competitive effects of invasive and native species (ideally, as similar as possible to the invasive species, e.g., native congeneric species; Vilà and Weiner 2004) on other native species are rare (discussed in Bossdorf et al. 2005 ; reviewed in Vilà and Weiner 2004) . Most experimental tests of the novel-weapons hypothesis have been based on differences in the allelopathic effects of invasive species on flora from the original and the new ranges (e.g., Callaway and Aschehoug 2000; Prati and Bossdorf 2004) . It is not known whether the flora from a colonized range may be adapted to the allelochemicals of invasive species that have relatives in the new range (presumably with allelochemicals similar to those produced by the related invasive species; reviewed in Inderjit et al. 2008) . To the best of my knowledge, only one study (Goel et al. 1989) has tested for differences in the effects of allelochemicals produced by invasive species and those produced by their native relatives on other native plants.
To fill these gaps, I performed a common-garden competition experiment to explore the influence of plant origin and relatedness on competition intensity. I explored the competitive interactions (competitive effect and response, sensu Goldberg 1990 ) between each of 12 invasive species and a native congeneric (or confamilial) species and a less related (heterogeneric) native species, to test the hypotheses as follows (shown in fig. 1 ):
1. More related neighbors will have stronger competitive effects ( fig. 1A ). More related targets will have stronger competitive responses ( fig. 1B ; test of Darwin's naturalization hypothesis).
2. Exotic invasive species will have stronger competitive effects than will native congeners ( fig. 1C ). Exotic invasive species will have weaker competitive responses than will native congeners ( fig. 1D ).
3. The competitive superiority of invasive species hypothesized in 2 will disappear after controlling for the effects of possible novel allelochemicals. The novel-weapons hypothesis will then be a more valid explanation than the emergence of competitive superiority of nonnative species in new ranges.
Material and Methods

Study Species
Twelve exotic species and 23 native species were included in the study (table 1). The selected exotic species are successful invaders in Central Europe. Pyšek et al. (2002) classified 10 of them as invasive in the Czech Republic. Ten of the selected exotic species were also ranked by Sádlo et al. (2007) as among the top 35 invasive species with the widest ecological ranges (i.e., present in the greatest number of habitats). Their invasiveness can be linked to negative impacts on native plant communities: five species have been documented to displace native species, but up to nine species are expected to have such an effect (see table 1) because they can form dense and extensive stands (1100 m 2 in area; P. Dostál, personal observation). In addition, seven of the 12 invasive species have been documented as having allelopathic effects as demonstrated by negative impacts on seed germination or growth of other plants (for references, see table 1). Hence, it is relevant to explore competitive superiority and phytotoxicity in the selected exotic species as possible mechanisms of their invasiveness.
Competitive interactions were examined within species triplets, each of which consisted of an invasive exotic species and two native species: one selected native species that was closely related to the exotic invader, usually a congener, and another native species that was much less related to the congeneric (or confamilial) pair (table 1). Two native confamilial species, Berteroa incana and Lotus corniculatus, were included because Bunias orientalis and Lupinus polyphyllus, respectively, lack congeneric species in the Central European range (table 1). The phylogenetic distance between B. incana and B. orientalis (24 million years) was well within the distance range of congeneric pairs (4.1 million-100 million years). Lotus cornicultaus and L. polyphyllus were more distant from one another (118.5 million years), but this distance was still less than the distances between invasive species and heterogeneric species (134.6 million-294.3 million years).
In total, competitive interactions were studied within 12 triplets including 35 species (two triplets shared the same native congeneric species, Erigeron acer). Triplet selection was based on an extensive habitat survey that was performed during the summer of 2007 in the vicinity of the town of Benešov (49Њ46 N, 14Њ41 E). Almost 130 sites were visited and screened for the presence of invasive species and the habitats they occupy. I also searched for native species that were typically found in the habitats of the invasive species. From the list of native species recorded, Note: There were 12 triplets, each consisting of an invasive, a congeneric, and a heterogeneric species. Nomenclature follows Flora Europaea (Tutin 1964 (Tutin -1980 . A, annual; B, biennial or short-lived perennial; P, perennial. Date of arrival and invasive status (INV, invasive; NATUR, naturalized) are according to Pyšek et al. (2002) . Rank values are from a study by Sádlo et al. (2007) , who analyzed habitat occupancy ( habitats) by 278 neophytes in the n p 88 Czech Republic. They compiled list of 35 invasive species occurring in the highest number of habitats; the rank value indicates the species position in this list. "Formation of dense stands" indicates formation of dense and extensive stands (area of at least 100 m 2 ) of invasive species at sites near the town of Benešov (49Њ46 N, 14Њ41 E), where seeds for this study were collected. Species with displacement effects are those that have been shown to reduce the diversity of native flora; species with allelopathic effects are those that have been shown to produce alleochemicals that decreased the performance of other plants. (Tutin 1964 (Tutin -1980 I selected one close relative (congeneric or confamilial) and one less related (heterogeneric) native species. It was intended that the triplets include species that were likely to interact under field conditions. However, native species that systematically coexist with invasive species at all or at most sites are apparently not displaced from invaded habitats, perhaps because they have adapted to the exotic species' allelopathic compounds or because they are stronger-than-average competitors. Consequently, such triplets could miss native species that were excluded by exotic species from plant communities in the early phases of invasion. I believe that this bias was not present in the selected triplets, because each of the invasive species cooccurred with its corresponding native species at only some sites, while native species were missing from other sites.
To obtain better quantitative support for this approach, I analyzed phytocenological relevés (vegetation samples) containing study species that were obtained from the Czech National Phytosociological Database (Chytrý and Rafajová 2003) . A detrended correspondence analysis (DCA) showed that the plant communities of each exotic species and its related and less related native species largely overlapped (see app. A in the online edition of the American Naturalist). At the same time, the majority (150%) of relevés containing each exotic species did not contain the native species of interest. The selected native species may never have been present at these sites, or, more importantly for the tested differences in competitive ability, they may have been displaced by the invasive species. The exceptions were Impatiens parviflora and Juncus tenuis, for which 56% and 70% of the vegetation samples, respectively, contained the exotic species co-occurring with one or both of the native species in its triplet (app. A).
Finally, I checked for the invasion status of each native species outside of Europe-specifically, in the United States-because van Kluenen et al. (2010) showed that the results of a trait comparison between invasive and native species may depend on whether species from the latter group have become invasive elsewhere. According to the Natural Resources Conservation Service of the USDA (http://plants.usda.gov/java/noxComposite), none of the native species used in this study has federal noxious status in the United States. Five species have state noxious status, but the remaining species are not listed. Therefore, I assume that the comparison was not confounded by including globally invasive species of European origin.
Experimental Design
Seeds from all 35 species in this study were collected in late summer or autumn of 2007 at sites near Benešov. Propagules were bulk collected from at least 50 individuals per species at two to four sites and were pooled for further purposes.
The seeds of most of the 35 species were germinated in a greenhouse in early March of 2008. Seeds of some of the species (all species from triplets with Bidens frondosa, I. parviflora, L. polyphyllus, and Trifolium hybridum, then of individual species B. orientalis and Daucus carota) were germinated in an experimental garden from January to April 2008 to break their dormancy. In April 2008, both garden-and greenhouse-germinated juveniles were further transplanted to trays (cell size, 3 cm # 3 cm) filled with sterile soil and kept through May 2008 in a greenhouse. Mean juvenile size (aboveground biomass) of each species was based on the measurement of five randomly picked individuals; exotic and native species did not differ from each other in this parameter ( , ). F p 1.99 P p .172 1, 22.3 In late May 2008, juveniles were transplanted to 2.75-L pots filled with a mixture of sterilized soil and sterilized sand (mixed at a ratio of 1 : 4). At the same time, pot soil was inoculated with a soil suspension (100 mL L Ϫ1 pot soil) to include a seminatural microbial community. For this purpose, soil samples were collected from meadow and wood margin habitats around the Institute of Botany, Academy of Sciences of the Czech Republic experimental garden in Prů honice (322 m asl; 49Њ99 N, 14Њ57 E).
Plants of each species were grown in pots either alone or with one individual (planted at a distance of ∼10 cm) of a species from the species triplet listed in table 1 (i.e., in additive fashion). Competition pots included (1) invasive-congeneric, (2) invasive-heterogeneric, and (3) congeneric-heterogeneric combinations.
Further, some plants were grown in soil prepared as described above but with the addition of 20 mL of activated carbon per liter of soil (particle size !0.075 mm; Resorbent Ostrava). Activated carbon has a high affinity for organic compounds, such as potentially toxic or allelopathic chemicals (Callaway and Aschehoug 2000) . For plants grown in carbon-added soil, plants of each species were grown in a pot alone. In addition, competition pots with combinations of (1) invasive-heterogeneric and (2) congeneric-heterogeneric were also prepared.
Each treatment combination underwent 10 replications, generating a total of 1,320 pots and 1,920 juveniles planted at the beginning of the experiment. Pots were randomly placed in geotextile fabric-covered beds ( , each n p 4 ) in the experimental garden and covered with 2 m # 15 m 30% shade cloth. During the course of the experiment, pots were fertilized every other week with one-quarterstrength Hoagland nutrient solution (Hoagland and Arnon 1950) .
Plants were harvested after ∼135 days in the second half of October 2008 (after 100 days in the case of I. parviflora and the two other species in its triplet). Individuals were removed from the pot and soil remnants were washed from their roots. Individuals were divided into below-and aboveground biomasses, dried to a constant mass at 70ЊC, and weighed. Plant survival was monitored every other week. If any individual from the plant pair died during the course of experiment, data on the remaining individual were not used in further analyses.
Statistical Analyses
First, I used a linear mixed model to examine whether the presence of neighbor, carbon addition, and their interaction (fixed factors) influenced total plant biomass. Juvenile size was used as a covariable, and experimental beds and pots nested within beds were entered as random factors. All experimental plants were included in the analysis.
In the second analysis, I examined the effects of phylogenetic relatedness and plant origin on competitive interactions (test of hypotheses 1 and 2). Only plants grown with a competitor (and without carbon addition) were considered in this analysis. For each target individual, I calculated the log response ratio (lnRR; Goldberg et al. 1999) as follows:
where B no neigh is the mean total biomass of individuals ( if all plants survived) of the target species when n p 10 grown alone and B neigh is the total biomass of an individual of the target species when grown with a neighbor. I performed a single linear mixed model with lnRR as the dependent variable and phylogenetic distance and the category of the competing pair and their interaction as fixed factors. I also included juvenile size of targets and the final biomass of the neighboring plants as covariables. Experimental bed, triplet, and identity of species pair nested within triplet were entered as random factors.
To assess phylogenetic relatedness, I used a phylogeny constructed using the online Phylomatic tool (Webb and Donoghue 2005) and calculated phylogenetic distances (three in each triplet) on the basis of a chronogram prepared by the BLADJ module in Phylocom, version 4.1 (Webb et al. 2008) . The backbone of the resulting tree generated by Phylomatic was based on an expert interpretation (Stevens 2006) Doyle et al. 1997 ).
In the model, three categories of competing plants were used to distinguish their origin and status (target or neighbor): (1
) T(exo)N(nat), (2) T(nat)N(exo), and (3) T(nat)N(nat), where T(exo) and T(nat) refer to exotic and native target species, respectively, and N(exo) and N(nat)
refer to exotic and native neighbors, respectively. This analysis explored the competitive effects and responses depicted in figure 1. According to Goldberg (1990) , competitive effect is defined as the ability to reduce the growth or reproduction of neighbors. Competitive response is defined as the ability to withstand the negative effects of neighbors. Both processes can be estimated by the same parameter, which is the reduction of targetspecies biomass (represented here by lnRR), with reversed target identity for the two processes (e.g., see Goldberg and Fleetwood 1987) .
To avoid a pseudoreplication, no individual plant was used as both a target (by using its lnRR) and a neighbor (by using its biomass as a covariable) in the analysis. This was accomplished by splitting 10 replications per respective combination of competing pairs into two subsets with a different target-species identity in each subset.
In addition, by a using neighbor biomass as a covariable in the model, I was measuring intensity of competition per unit biomass (Grace and Tilman 1990) . By doing so, I was able to compare whether invasive and native species and related and nonrelated plants differ in their competitive ability independently of size differences.
In the final analysis, I tested the significance of plant origin and carbon addition in competitive effects (test of hypothesis 3; fig. 1C ). Here, neighbor category (native and exotic), carbon addition, and their interactions were entered as fixed factors in a linear mixed model, with the lnRR of heterogeneric plants as the response variable. Juvenile size of targets and the final biomass of the neighboring plants were used as covariables. Experimental bed, triplet, and neighboring species identity nested within triplet and its interaction with carbon addition were entered as random factors.
All linear mixed models were performed using the PROC GLIMMIX procedure in SAS, version 9.2 (SAS Institute). For F-tests of fixed effects, the denominator degrees of freedom (df ) were calculated using the Satterthwaite approximation. Results were obtained by using a restricted maximum likelihood (REML) ANOVA. The level of significance of each random term was determined by x 2 tests for changes in deviance between the complete model and a model with the term in question dropped (Littell et al. 1996) .
There was no significant effect of plant origin on the final biomass of plants grown without neighbors ( , quently, any possible effect of plant origin on competitive interaction cannot be accounted for by size differences between plant categories in a competition-free environment, by carbon-addition effects, or by the interaction of the two factors. Of the 35 species included in the study, 11 species were from the family Asteraceae. Thus, this plant family was overrepresented compared with the other 12 plant families included. Such overrepresentation may bias the results and prevent generalization of the significant relationships, making a phylogenetic correction necessary (Freckleton et al. 2002) . To evaluate this possibility, I performed variance partitioning for the mean lnRR of each species. I used a nested ANOVA across three levels: family, genus, and species. I used the ape package in R (using the varcomp function; R Development Core Team 2004; Paradis et al. 2004) to calculate the variance components. I found that most of the variance was distributed among species (93.23%). Only a small proportion was distributed among genera (6.77%), and a negligible proportion was distributed among families (!0.01%). Consequently, no correction was necessary.
Results
The presence of a neighbor reduced the total biomass of a target plant by ∼28% on average ( , F p 68.53 P ! Neighbor presence also led to higher mortality. When plants were grown alone, plant death was recorded in 18 of 720 pots; for pairs, at least one individual died before the experiment ended in 45 of 600 pots ( ,
Biomass reduction (expressed by lnRR) was not influenced by the relatedness of the neighbor, nor was it influenced by the category of the interacting pair (table 2); invasive species had competitive effects and responses that were similar to those of native species (see fig. B1 in the online edition of the American Naturalist). This pattern was confirmed by analyzing the competitive effects of invasive species and native congeneric species (confamilial species) on native heterogeneric species: the lnRR values of the heterogeneric species were not influenced by neighbor origin. Carbon addition and the carbon # origin interaction were also insignificant (table 3) .
Regression of mean lnRR against the likelihood of cooccurrences of invasive and native species (on the basis of vegetation samples from the Czech National Phytosociological Database) yielded no significant pattern (app. B). Reduction in target biomass, however, was significantly influenced by the biomass of the neighbor (tables 2, 3): the larger the neighbor, the greater the reduction in the biomass of the target ( fig. 2) .
Values of lnRR were also influenced by the identity of interacting species pairs within some triplets (table 2) . For example, among six possible interactions, the greatest reduction in biomass was observed in the native Daucus carota when it was grown with the invasive Conyza canadensis as its neighbor. In a different triplet, the greatest reduction in biomass was observed in the native Galeopsis speciosa when it was grown with the native Impatiens nolitangere as its neighbor (app. B).
Similarly, the lnRR values of heterogeneric species were influenced by the neighbor species identity # carbon interaction within some triplets (table 3) . For example, the lnRR of Centaurea jacea was independent of carbon addition when this species was grown with the native Berteroa incana. When it was grown with the invasive Bunias orientalis, however, lnRR increased (i.e., the biomass of C. jacea was more reduced) after carbon addition (app. B). Note: Mean species weight of target juveniles (initial target biomass) and final neighbor biomass were used as covariables. In the lnRR analysis including only triplets containing at least one annual or short-lived perennial species, triplets. Significant effects (at ) are in bold. n p 6 P ! .05
Given the rather short duration of the experiment, I performed identical analyses for triplets containing annuals or short-lived perennials. For these species, duration of the experiment (4.5 months) may correspond better to the temporal scale of competitive interactions in a natural field setting than it would for perennials. However, the pattern found for all triplets was similar to that observed when only triplets containing at least one annual or shortlived perennial were included (tables 2, 3).
Including the five species native to Central Europe that have state noxious status in the United States did not influence the results of this study. In an additional analysis (app. B), noxious species were shown to have similar competitive responses and effects as nonnoxious species.
Discussion
The main objective of this study was to test experimentally whether invasiveness of exotic species may be due to nonequivalent competitive interactions between native and invasive species, given by relative phylogenetic positions and different geographic origins. None of the three possible sources of competitive nonequivalence-that is, small overlap in resource use with unrelated native species, improved competitiveness, and production of novel allelochemicals-turned out to influence the results of the competitive interactions. No differences were thus detected in competition intensity, that is, when neighbors were controlled for size differences. Neighbor size per se, however, was shown to be responsible for competitive nonequivalence, as larger neighbors suppressed targets more than smaller ones did. The other source of competitive nonequivalence that was detected was due to species-specific effects.
Factors Determining Competition Intensity: Consequences for Community Pattern
Several recent articles have shown that relatedness to resident species may determine the invasiveness of exotic species. For example, Diez et al. (2008) found that within habitats in the Auckland region, the abundance of exotic species was negatively related to the abundance of native congeners. In a different study, Strauss et al. (2006) showed that highly invasive grass species in California are, on average, significantly less related to native Californian grasses than are introduced but noninvasive grasses. In both studies, larger niche overlap and thus stronger intensity of competition between closely related species was proposed as a possible mechanism of the observed pattern. Cadotte et al. (2008) proposed the same mechanism to explain their finding that the productivity of species mixtures increased with increasing phylogenetic diversity in experimental biodiversity studies. If relatedness is the major factor determining the strength of competition, we should also observe faster retreat in related native species than in less related ones after the arrival of newcomers, due to stronger competitive responses, as predicted in figure 1B . For example, Skálová and Pyšek (2009) hypothesized (but did not provide evidence) that exotic Impatiens glandulifera should exert particularly strong competition against its native congener Impatiens noli-tangere, leading to the displacement of the latter species. It is likely that resident species have the Note: Mean species weight of target juveniles (initial target biomass) and final neighbor biomass were used as covariables. In the lnRR analysis including only triplets containing at least one annual or short-lived perennial species, triplets. Significant effects (at ) are in bold.
advantage of niche preemption (e.g., Silvertown 2004); consequently, field evidence for the retreat of related native species will be more scarce than for the lower success of related invasive species. Nevertheless, I failed to prove that relatedness influences the strength of competitive interactions (table 2) , which is in agreement with the findings of a recent meta-analysis by Cahill et al. (2008) . They reanalyzed the results of interactions between 50 target vascular plant species and 92 competitor species and concluded that there was no phylogenetic signal in these competitive interactions. Unfortunately, few studies have experimentally tested the link between angiosperm relatedness and competition intensity. It remains to be resolved whether phylogenetic affinity can affect competition intensity and thus generate community patterns like those found by Strauss et al. (2006) or Diez et al. (2008) .
In spite of the general acceptance of the assumption that invasive species are superior competitors (Levine et al. 2003; Vilà and Weiner 2004; Maron and Marler 2008) , I found that the competitive ability of exotic species did not differ from that of similarly sized native species. Specifically, invasive species did not differ from their native congeners in their competitive effects on heterogeneric species (table 3) . They also did not differ from native species in their competitive responses: although the biomass of invasive species was expected to be less reduced than that of native species, this prediction was not supported (table 2; fig. B1 ). The pattern did not change even after controlling for allelopathic effects (table 3) . These findings are consistent with those of other studies that show that invasive species do not necessarily differ from native species in traits such as competitive ability (Daehler 2003) .
Findings in other studies of superior competitiveness in invasive species may have been determined by the selection of exotic species used in these tests. The same explanation might apply to the meta-analysis of Vilà and Weiner (2004) , who admitted that their conclusion might have been biased by the inclusion of highly competitive invaders and native species that are weaker-than-average competitors. It is not clear from the study of Vilà and Weiner (2004) whether their results were influenced by including exotic species of superior size. Large size was repeatedly proved to be associated with invasiveness (see Hejda et al. 2009; Schlaepfer et al. 2010; . Furthermore, plant size is likely to be the key trait determining the outcome of competitive interactions, as is indicated in this study (see fig. 2 ). However, size advantage as a mechanism assisting in species expansion is not unique to introduced species. This trait may be equally beneficial to native species within their home ranges. Indeed, there are examples of large, often clonal plants that spread over a significant area during the postwar period in Europe. For example, Molinia caerulea expanded in the heathlands of the United Kingdom and the Netherlands at the expense of competitively inferior species such as Calluna vulgaris and Erica tetralix. Its success has been attributed to a combination of high potential productivity and the ability to utilize a nutrient excess in originally nutrient-poor ecosystems (reviewed by Taylor et al. [2001] ). Therefore, further studies should examine whether some invasive species are superior competitors because of their size dominance or, more interestingly, because of unique size-independent traits.
Although larger neighbors had stronger competitive effects on target individuals ( fig. 2; tables 2, 3) , a significant amount of variation in lnRR could not be attributed to neighbor size. These findings are consistent with the results of Weigelt et al. (2002) and Vogt et al. (2010) . Both studies indicated that in addition to the size of competing individuals, species-specific factors influence the outcome of competition. Weigelt et al. (2002) found that neighbor size influences competition intensity only at early life stages and not at adult stages. They attributed this pattern to species-specific traits, such as biomass allocation strategies. Species-specific (and size-independent) effects found in this study could contribute to the invasion success of some exotic species. It should be borne in mind, however, that the same effects may also explain the competitive superiority of native species over plants from the same or different ranges of origin (app. B).
Strengths and Limitations of This Study
The value of this study is that it simultaneously tests three different mechanisms of exotic species' invasiveness through competitive nonequivalence. Although an accumulating number of studies have explored individual mechanisms, namely, the competitive superiority of exotic species (e.g., see the meta-analysis in Vilà and Weiner 2004) , this study is unique in assessing the relative importance of resource complementarity, competitive superiority, and allelopathy within a single experiment.
This study is also strengthened by the number of species included. Whereas most other studies have investigated the competitive interactions between one or a few invasive species and their native counterparts, I explored competitive interactions of each of 12 invasive species with two of their native counterparts. In selecting the triplets, I considered the habitat requirements of interacting species and tried to bring together plants that are likely to interact under field conditions. Thus, the results are robust and reflect, at least to some extent, field realism.
Finally, Vilà and Weiner (2004) called for control of the differences between alien and native competitors when possible competitive superiority is examined. They proposed that species in these two groups should be as similar as possible (e.g., by using closely related species). I followed the recommendations of Vilà and Weiner (2004) and controlled for phylogeny in comparing the competitive effects of invasive species and native species (test of relationship shown in fig. 1C ). This consideration is another strength of this study.
However, this study has several limitations. First, the findings of this study are based on container-grown plants under uniform environmental conditions. As pointed out by Keddy (1990, p. 272) , "all pot experiments are subject to the criticism of any laboratory experiment: that the results cannot be extrapolated to the real plant communities." In regard to the single environment used, species of different triplets come from different environments, probably including both less and more fertile conditions than those of the experiment. Also, adding nutrients and extensive soil dilution may have removed any niche differentiation due to nutrient differences. Consequently, competitive hierarchies may have been influenced by environmental conditions not comparable to those found in the field.
Such criticism is probably exaggerated; Keddy himself demonstrated the correlation between competitive hier-archies found in container growth experiments and field distributions along lakeshore exposure gradients (Wilson and Keddy 1986) . In another article, Keddy et al. (2000) proved that the outcome of competitive interactions was independent of the environment. Therefore, I assume that the results of this study also reflect real competitive hierarchies despite the divergence from field conditions.
Next, it could be argued that starting the competitive experiment with 3-month-old (or even older) seedlings may result in missing part of a critical phase of seedling interaction (e.g., Weigelt et al. 2002 ) that may determine the final outcome of competition. I cannot reject this possibility. On the other hand, starting experiments with seeds may risk large size variation among individuals within species due to variation in germination time. Therefore, I chose to use seedlings, as has been done in other competition studies (e.g., Keddy et al. 2000; Bossdorf et al. 2004; Kardol et al. 2006) .
Another problematic issue is the duration of the experiment, which may have been too short to detect the relationships between relatedness and origin and competition intensity. Therefore, I performed identical analyses with a subset of triplets that contained at least one annual or short-lived perennial species (for a total of six triplets) because, for these species, the duration of the experiment (4.5 months) might cover all or most of their life cycle. This period is also the maximum period over which individuals of annuals interact with other community members. However, results based on this subset did not differ from the pattern obtained for all triplets (see tables 2, 3). Therefore, duration of the study probably did not obscure the resulting pattern.
Finally, the results of this study may not be interchangeable when dealing with multispecies communities and more complex competitive networks. Pairwise experiments have been shown to predict the output of competitive interactions of whole communities in some cases (e.g., Fowler 1982) , but due to nonadditive effects of competing species, the use of multispecies mixtures may be a more appropriate approach (Dormann and Roxburgh 2005; Weigelt et al. 2007) .
Conclusions
I have shown that related and less related and native and nonnative species are largely interchangeable competitors that have similar effects on their targets: plant origin and relatedness did not influence competition intensity per unit biomass. Although some species were shown to benefit from size advantages and species-specific effects in competitive interactions, none of the three mechanisms explored (resource complementarity, competitive superiority, and allelopathy of exotic species) is likely to be a principal driver of the invasiveness of exotic species.
